Synthesis of Rhenium(I) bridged three cyclic dyads containing two 21-thiaporphyrins or two 21-oxaporphyrins or one 21-thia and one 21-oxaporphyrin using cis-pyridyl 21-thia and 21-oxaporphyrin building blocks is reported. The fluorescence properties studied by both steady state and time-resolved fluorescence techniques on dyad containing one 21-thia and one 21-oxaporphyrin unit indicated a possibility of energy transfer from 21-oxaporphyrin unit to 21-thiaporphyrin unit.
Introduction
Porphyrins and metalloporphyrins provide an advantageous class of building blocks for the construction of large multi-component architecture because of their relatively facile synthesis, stability and diversity of their properties. A wide variety of porphyrin arrays of everincreasing size have been constructed by the traditional methodology of covalently linking porphyrins [1] . More recently, the self-assembly has proven to be an attractive and viable alternative to covalent synthesis for the construction of large multicomponent architectures. Several polymeric or oligomeric structures based on a self-assembly approach have been constructed mainly based on metalloporphyrin-pyridine interactions [2] . Pyridine acts as a versatile ligand toward a variety of metal ions and its well-known coordinating properties can be easily adopted to construct self-assembled systems. Thus, arylporphyrins with mixed phenyl and pyridyl groups at meso positions are very attractive species because they act simultaneously as ligands and usual porphyrins to self-assemble or to bridge functional units to build up new oligomers. There are several examples in the literature on meso-pyridyl porphyrin based assemblies where the pyridyl group coordinates to a metal centre that is present in the core of the porphyrin molecules [3] . The most widely used metals are Zinc(II), Ruthenium(II) and Osmium(II) although other metals have also been used [3] . The building of such arrays is very interesting from the synthetic point of view but the possibility of studying properties like energy transfer suffer a setback because of the presence of the heavy metals like Ru(II), which quenches the emission by the heavy atom effect [4] . Recently, Hupp and co-workers [5] synthesized rhenium(I) bridged N 4 porphyrin dimers and demonstrated an efficient energy transfer from zinc(II) porphyrin unit to freebase porphyrin unit. Interestingly, despite the incorporation of Re(I) ions into the porphyrin dimers, the dimers remain significantly fluorescent and useful to study porphyrin-porphyrin energy transfer in singlet state.
Our group is interested in the design and synthesis of heteroatom substituted porphyrins [6] , which are resulted by the replacement of one or two nitrogen atoms with heteroatoms such as S, O, Se and Te [7] . Interestingly, the reports on heteroatom substituted porphyrins having pyridyl groups at meso positions are very few in the literature inspite of the growing importance of meso-pyridyl porphyrins in the formation of supramolecular assemblies [8] . We recently reported the synthesis of several N 2 S 2 , N 3 S and N 3 O porphyrins containing 1-3 pyridyl groups at meso positions [9] . The meso-pyridyl heteroatom substituted porphyrins with different porphyrin cores were further used to synthesize noncovalent unsymmetrical porphyrin dimers, trimers and tetramers by coordinating the pyridyl nitrogens of heteroatom substituted porphyrin with Ru(II) metal present in the centre of regular porphyrin (N 4 ) [9] . However, these systems are not suitable to study the singlet-singlet energy transfer from one porphyrin unit to another porphyrin unit. This is due to the heavy Ru(II) ion which promotes very efficient intersystem crossing and makes these systems suitable for the study of intercomponent energy transfer at the triplet, rather than at the singlet level. In this paper, we report the synthesis and characterization of three Re(I) ion bridged porphyrin dyads 1-3 (Chart 1) containing either two 21-thia 1 (N 3 S) or 21-oxaporphyrin 2 (N 3 O) units or one 21-thia and 21-oxaporphyrin 3 unit. The fluorescence study on dyad 3 indicated the possibility of energy transfer from N 3 O porphyrin unit to N 3 S porphyrin unit on selective excitation of the N 3 O porphyrin unit.
Results and discussion
The cis-pyridyl N 3 S and N 3 O porphyrin building blocks 4 and 5 were synthesized from the corresponding thiophene and furan diols 6 and 7, respectively. The thiophene diol 6 was synthesized [10] by treating one equivalent of 2,5-dilithiothiophene with two equivalents of 4-octyloxybenzaldehyde in THF. The crude diol 6 was purified by column chromatography and characterized by NMR, mass and elemental analysis. The furan diol 7 was prepared similarly by following the literature procedure [11] . The cis-pyridyl N 3 S porphyrin 4 was prepared by condensing one equivalent of thiophene diol 6 with two equivalents of 4-pyridine carboxaldehyde and three equivalents of pyrrole in propionic acid was separated by silica gel column chromatography and the desired 21-thiaporphyrin 4 was collected as a second band using CH 2 Cl 2 /3% CH 3 OH in 11% yield. The porphyrin 4 was characterized by NMR, mass, absorption and elemental analysis. The presence of a strong m/z peak at 890 and clean 1 H NMR as shown in Fig. 1 (a) and matching elemental analysis confirmed the proposed structure and composition. The N 3 O porphyrin 5 was prepared by condensing one equivalent of furan diol 7 with two equivalents of 4-pyridinecarboxaldehyde and three equivalents of pyrrole in propionic acid (Scheme 1) and purified by silica gel column chromatography as reported by us earlier [9a,9b] .
The cyclic symmetrical Re(I) bridged thiaporphyrin dyad 1 containing two N 3 S porphyrin units was synthesized by refluxing the N 3 S porphyrin 4 with Re(CO) 5 Cl in THF for 12 h. The progress of the reaction was monitored by tlc and absorption spectroscopy. The TLC analysis of the crude compound showed two spots corresponding to the required dyad 1 and the unreacted N 3 S porphyrin 4. The crude compound was purified by silica gel column chromatography using CH 2 Cl 2 as eluent and afforded 1 in 47% yield as a purple solid. The dyad 1 was characterized by NMR, mass, infrared, UV-vis and elemental analysis. The 1 H NMR spectrum of 1 comparing with monomer 4 shown in Fig. 1 clearly supported the formation of Re(I) bridged cyclic thiadyad 1. The evidence of the co-ordination of the pyridyl nitrogens with the Re(I) ions mainly comes from the large downfield shifts of the 2,6-and 3,5-protons of the pyridyl groups of dyad 1 compared to 21-thiaporphyrin monomer 4 (Table 1 ). The b-pyrrole and b-thiophene protons of dyad 1 also experienced downfield shifts compared to monomer 4 supporting the formation of cyclic thiaporphyrin dyad 1. The mass and elemental analysis were in agreement with the proposed structure. The absorption spectrum of 1 showed typical four Q-bands and one Soret band (Fig. 2) . The absorption bands of 1 were red shifted with reduction in absorption coefficients compared to the corresponding thiaporphyrin monomer 4 ( Table 2) .
The cyclic symmetrical oxaporphyrin dyad 2 containing two N 3 O porphyrin units was similarly prepared by treating the N 3 O porphyrin 5 with Re(CO) 5 Cl under similar reaction conditions used for thiadyad 1. The reaction was more sluggish and required a careful silica gel column chromatography to purify the dyad 2. The dyad 2 was soluble in all common organic solvents and was characterized by NMR, mass, infra-red, UV-vis and elemental analysis. The 1 H NMR spectrum of dyad 2 ( Fig.  1(d) ) comparing with monomer 5 ( Fig. 1(c) ) showed the downfield shift of 2,6-and 3,5-pyridyl protons, b-pyrrole and b-furan protons (Table 1) , confirming the co-ordination of pyridyl nitrogenÕs to the Re(I) ions. The inner NH signal was not observed due to more basic nature of N 3 O porphyrin as reported previously [12] . The absorption spectrum of dyad 2 exhibited bathochromic shifts of both Soret and Q-bands with reduction in absorption co-efficients (Table 2 ) compared to corresponding oxaporphyrin monomer 5 supporting the co-ordination of pyridyl groups with Re(I) ions (Fig. 2) .
The unsymmetrical thia-oxa dyad 3 containing one N 3 S porphyrin unit and one N 3 O porphyrin unit was prepared by reacting 0.5 equivalent of each of 4 and 5 with 1 equivalent of Re(CO) 5 Cl. This reaction was resulted in the formation of mixture of three dyads 1-3 as confirmed by tlc (Scheme 2). The mixture of three dyads was separated by silica gel column chromatography. The desired unsymmetrical thia-oxa dyad 3 was obtained as a second band using CH 2 Cl 2 /1% CH 3 OH in 21% yield. The formation of dyad 3 was confirmed by NMR, mass, infra-red, UV-vis and elemental analysis. In 1 H NMR, the signals corresponding to both the monomeric N 3 S (4) and N 3 O (5) porphyrin units were observed. The 2,6-and 3,5-pyridyl protons of both N 3 S and N 3 O porphyrin units of dyad 3 experienced similar downfield shifts as observed for those of symmetrical dyads 1 and 2. The inner NH signal was observed for only N 3 S porphyrin sub-unit and not observed for N 3 O porphyrin sub-unit [12] . The absorption spectrum showed peaks corresponding to both the porphyrin units (Fig. 2) . The comparison of absorption spectrum of dyad 3 with 1:1 mixture of dyads 1 and 2 (Fig. 3) indicated a weak interaction between the porphyrin units in dyad 3 as evident in more broadened Soret band with slight bathochromic shifts.
Fluorescence properties
The steady state fluorescence spectra of porphyrin monomers 4 and 5 and dyads 1-3 were recorded in toluene at room temperature (Fig. 4) and emission data are listed in Table 3 . The fluorescence spectra of porphyrin monomers 4 and 5 showed two bands and quantum yields (/ f ) were lower than 5,10,15,20-tetraphenyl-21-thiaporphyrin (STPPH) and 5, 10, 15, , respectively [7] .
The fluorescence bands of 4 experienced red shifts compared to STPPH due to the presence of long octyloxy groups on the meso phenyls. The fluorescence spectrum of thia dyad 1 showed two bands which were red shifted with 50% reduction in quantum yield compared to thiaporphyrin monomer 4. The oxadyad 2 also experienced similar red shifts with reduction in / f compared to oxaporphyrin monomer 5. Similar observations were made earlier by Hupp and co-workers [5] in Re(I) bridged porphyrin dyads containing N 4 porphyrin units. The reduction in quantum yields for dyads 1 and 2 was attributed to the presence of heavy metal Re(I) ions, which enhances the intersystem crossing yields and thereby reduces the fluorescence yields. The fluorescence spectrum of thia-oxa dyad 3 independent of excitation wavelength showed broad fluorescence whose peak maxima were identical to that of thia dyad 1. When dyad 3 was excited at 420 nm, where the N 3 O porphyrin unit absorbs strongly, the major emission was observed from N 3 S porphyrin unit supporting the intramolecular singlet-singlet energy transfer from N 3 O porphyrin unit to the N 3 S porphyrin unit. The excitation spectrum of dyad 3 recorded at wavelength 760 nm showed the absorption bands corresponding to both the porphyrin units.
Furthermore, the comparison of emission spectra of 1:1 mixture of dyads 1 and 2 with thia-oxa dyad 3 recorded at 420 nm (Fig. 3 ) also supported the energy transfer from N 3 O porphyrin unit to the N 3 S porphyrin unit. On excitation of 1:1 mixture of 1 and 2 at 420 nm where N 3 O porphyrin unit absorbs strongly, showed emission mainly from N 3 O porphyrin unit unlike dyad 3 which showed the emission majorly from the N 3 S porphyrin unit.
The time resolved fluorescence studies were carried out by single photon counting method [13] , which supports the above observations. The singlet excited state lifetimes s f of monomers 4 and 5 and dyads 1-3 were estimated using an excitation wavelength of 405 nm.
The fluorescence decays of monomers and dyads were fitted to single exponential functions. The fluorescence decay profiles of three dyads are shown in Fig. 5 and the data are listed in Table 2 .
As noted from Table 3 , the lifetimes s f of thia and oxa porphyrin dyads 1 and 2 were very low compared with those of the corresponding 21-thia and 21-oxaporphyrin monomers 4 and 5, respectively. The fluorescence decay rates k rad and the non-radiative decay rates k nr of dyads 1 and 2 decrease and increase, respectively, compared with those of the corresponding porphyrin monomers. The lifetime observed for thia-oxa dyad 3 was mainly corresponding to thiaporphyrin unit, supporting the energy transfer from N 3 O porphyrin unit to N 3 S porphyirn unit. Since the energy difference between the N 3 S and the N 3 O porphyrins was very close, it was difficult to estimate the efficiency of energy transfer in dyad 3 from these measurements. More detailed studies are required to quantify the above observations.
In conclusion, we synthesized Re(I) bridged two symmetrical dyads containing either two N 3 S porphyrin units or two N 3 O porphyrin units and one unsymmetrical dyad containing one N 3 O porphyrin unit and one N 3 S porphyrin. The photophysical properties studied by both steady-state and time resolved fluorescence techniques showed the possibility of energy transfer from N 3 O porphyrin unit to N 3 S porphyrin unit in unsymmetrical dyad containing both the porphyrin units. Efforts towards constructing more Re(I) bridged heteroatom substituted porphyrin dyads are underway to study the detail singlet-singlet energy transfer properties of these novel dyads.
Experimental

General
1 H and 13 C NMR spectra were recorded with a Varian 400 MHz instrument using tetramethylsilane as an internal standard. Absorption and fluorescence spectra were obtained with Perkin-Elmer Lambda-35 and Lambda-55 instruments, respectively. The IR spectra were recorded with a Nicolet Impact-400 FTIR spectrometer and ES-MS spectra were recorded with a Q-Tof micromass spectrometer. The time resolved fluorescence decay measurements were carried out at magic angle using a picosecond diode laser based time correlated single photon counting (TCSPC) fluorescence spectrometer from IBH, UK. All the decay curves were fitted to single exponential functions using IBH software. All general chemicals and solvents were procured from S.D. Fine chemicals, India. Column chromatography was performed using 60-120 mesh silica obtained from Sisco Research Laboratories, India. (6) N,N,N 0 ,N 0 -Tetramethyl ethylene diamine (4.7 mL, 31.2 mmol) and n-butyl lithium (19.5 ml of1.6 M solution in hexane) were added to 30 mL of dry hexane and stirred under nitrogen atmosphere. Thiophene (1 mL, 12.48 mmol) was added to this and the solution was gently refluxed for 1 h. The reaction mixture was then allowed to attain room temperature, to which an ice-cold solution of 4-octyloxy benzaldehyde (3.65 g, 31.2 mmol) in 25 ml dry THF was added dropwise. Saturated ammonium chloride solution was added to the reaction mixture after 30 min and was extracted with diethyl ether (3 · 50 mL), washed with saturated brine solution and dried over anhydrous Na 2 SO 4 . The crude product was then purified by silica gel column chromatography and afforded pure compound in 39% yield using petroleum ether/15% ethyl acetate (1.86 g 22.86, 26.24, 19.43, 29.55, 31.99, 68.12, 72.30, 114.39, 124.16, 127.55, 134.89, 148.19, 148.25, 158.77 
2,5-Bis[(phenyl)hydroxy methyl]furan (7)
The furan diol 7 was synthesized according to the literature method [11]. 4.4. 5, 
The thiophene diol 6 (0.5 g, 0.9 mmol) was dissolved in 100 mL of propionic acid. Pyridine-4-carboxaldehyde (0.17 mL, 1.8 mmol) was added and the solution was gently warmed. Freshly distilled pyrrole (0.175 mL, 2.7 mmol) was added with constant stirring and the resulting solution was refluxed for 2 h. The propionic acid was then removed by vacuum distillation and the resulting dark solid was thoroughly washed with water and dried. The tlc analysis of the crude product indicated the formation of mixture of three porphyrins: 5,10,15,20-tetrakis(4-octyloxyphenyl)-21,23-dithiaporphyrin (N 2 S 2 core), 5,10-bis(4-octyloxyphenyl)-15,20-bis(4-pyridyl)-21-thiaporphyrin (N 3 S core) and 5,10, 15,20-tetrakis(4-pyridyl) porphyrin (N 4 core). The mixture was separated by silica gel column chromatography. The first band of N 2 S 2 porphyrin was removed with CH 2 Cl 2 and the desired N 3 S porphyrin 4 was obtained as the second band using CH 2 (d, J = 8.79 Hz, 4H, phenyl), 8.15 (d, J = 8.52 Hz, 4H, phenyl), 8.19 (d, J = 5.22 Hz, 4H, 3, 8.52 (d, J = 6.23 Hz, 2H, 8.78 (d, J = 6.23 Hz, 2H, 8.89 (s, 2H, 9.04 (bs, 4H, 2, , 9.84 (s, 2H, b-thiophene).
13 C NMR (100 MHz, CDCl 3 , d in ppm): 14.35, 22.9, 26.4, 29.51, 29.65, 29.87, 32.07, 68.50, 113.92, 119.78, 128.64, 129.37, 132.69, 132.89, 134.42, 134.80, 135.25, 135.64, 148.33, 150.77, 253.59, 158.06, 159.55. Calc. avg. mass 889.4, obsd. m/z (M + ) 890.4. Anal. Calc.: C, 78.26; H, 6.68; N, 7.87. Found: C, 78.59; H, 6.91; N, 7.95%. 4.5. 5, 21-oxaporphyrin (5) The 21-oxaporphyrin 5 was prepared as reported previously [9b].
Thia dyad (1)
In two necked round bottomed flask, porphyrin 4 (0.03 g, 0.034 mmol) was dissolved in dry THF (50 ml) and argon was purged for 10 min. Re(CO) 5 Cl (0.0123 g, 0.034 mmol) was then added and the solution was refluxed overnight under stirring. The progress of the reaction was monitored with tlc and absorption spectroscopy. The tlc analysis using CH 2 Cl 2 showed one fast moving spot corresponding to the dyad and another spot at nearer baseline corresponding to the unreacted monomer 4. The solvent was removed on a rotary evaporator under reduced pressure. The crude compound was dissolved in a minimum amount of CH 2 Cl 2 and a dry slurry powder was prepared by adding a small amount of silica gel followed by the removal of the traces of the solvent under reduced pressure. The slurry was loaded on a silica gel column and eluted with CH 2 Cl 2 . The fast moving band of desired compound was collected and the solvent was removed on a rotary evaporator to afford thia dyad 1 in 47% yield (0. 038 g (m, 8H, phenyl), 8.22 (m, 8H, phenyl), 8.41 (s, 4H, 3,5-pyridyl), 8.50 (s, 4H, 3,5-pyridyl), 8.70 (s, 4H, b-pyrrole), 8.90 (s, 4H, b-pyrrole) , 9.07 (s, 4H, b-pyrrole), 9.48 (bs, 4H, 2,6-pyridyl), 9.91 (bs, 6H, 2,6-pyridyl + b-thiophene 
Oxa dyad (2)
The 21-oxaporphyrin 5 (0.03 g, 0.049 mmol) was dissolved in dry THF (50 mL) and taken in a 100 ml two necked round bottomed flask and nitrogen was purged for 5 min. To this solution, ReCO 5 Cl (0.0177 g, 0.049 mmol) was added and the solution was refluxed overnight under stirring. The progress of the reaction was monitored with tlc and absorption spectroscopy. The solvent was removed on a rotavapour and the crude compound containing the desired oxa dyad 2 along with unreacted 21-oxaporphyrin 5 was purified by silica gel column chromatography. The required dyad was collected as first band using CH 2 Cl 2. The solvent was removed on rotary evaporator to afford 2 as a purple solid in 27% yield (0.024 g).
1 H NMR (400 MHz, CDCl 3 , d in ppm) 7.85 (m, 12H, phenyl), 8.24 (m, 8H, phenyl), 8.41 (bs, 4H, 3,5-pyridyl), 8.51 (bs, 4H, 3,5-pyridyl), 8.74 (m, 8H, b-pyrrole) , 9.07 (s, 4H, b-pyrrole) , 9.33 (s,4H, b-furan), 9.44 (bs, 4H, 2,6-pyridyl), 9.88 (bs, 4H, 2,6-pyridyl 
Thia-oxa dyad (3)
In a two necked round bottomed flask, 21-thiaporphyrin 4 (22 mg, 0.024 mmol) and 21-oxaporphyrin 5 (14.8 mg, 0.024 mmol) were dissolved in dry THF (50 ml) and nitrogen was purged for 10 min. Re(CO) 5 Cl (17.4 mg, 0.048 mmol) was added to the reaction mixture and the solution was refluxed under nitrogen for 20 h. The progress of the reaction was monitored with tlc, which showed three spots corresponding to thia dyad 1, oxa dyad 2 and oxa-thia dyad 3 in CH 2 Cl 2 /3% CH 3 OH. The reaction was stopped after complete consumption of the starting porphyrins. The solvent was removed under vacuum on a rotary evaporator and the crude compound was loaded on a silica gel column using CH 2 Cl 2 . Thia dyad 1 moved as the first band in CH 2 Cl 2 (20%,11 mg) and the desired thia-oxa dyad 3 was then collected as second band using CH 2 Cl 2 /1%CH 3 OH (11 mg, 21%) (m, 10H, phenyl), 8.21 (m, 8H, phenyl), 8.42 (m, 4H, 3,5-pyridyl), 8.51 (m, 4H, 3,5-pyridyl), 8.71 (m, 2H, b-pyrrole), 8.76 (bs, 2H, bpyrrole), 8.90 (m, 4H, b-pyrrole) , 9.01 (bs, 2H, b-pyrrole), 9.13 (bs, 2H, b-pyrrole), 9.13 (s,2H, b-pyrrole) , 9.33 (bs, 2H, b-furan), 9.43 (bs, 2H, 2,6-pyridyl), 9.50 (bs, 2H, 2,6-pyridyl), 9.91 (m, 6H, b-thiophene + 2,6-pyridyl 
